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Abstract
Although numerous studies have replicated Fitts speed-accuracy trade-off relationship in
reciprocal and discrete tasks, little research to date has examined the applicability of this lawful
assessment on whole body ballistic tasks, such as jumping. A study by Juras et al., (2009) suggests
that the lawful relationship is violated in ballistic jumping by showing no differences in movement
time when target width decreased. Additionally, the authors suggest that the kinematics of the
jump are pre-programmed prior to the execution of the movement. A recent study by Boyle and
colleagues (2016) furthered this idea by showing an inverse relationship between the height of the
participant’s center of mass (Hcom) and the index of difficulty (ID). As the ID increased, the Hcom
decreased. The authors suggest the self-paced nature of the task may be causing the effect. In the
current study, three conditions involved participants making two footed forward jumps to targets
of 6 in. and 3in. in width, at 30% and 60% maximal horizontal distance (MHD) of a maximal jump.
Additional categories regarding the control characteristics of the “go” signal were divided in to:
Self-paced, Timed and Random. Three kinematic variables (jump initiation, flight, and total time)
were recorded, as well as participant center of mass height (Hcom) and maximum flight trajectory
height of Hcom. The results agree with the previous studies, showing a decrease in Hcom as ID
increases. Self-paced displayed the lowest Hcom between all groups but also performed the
movement the slowest where participants in the timed condition produced the fastest movement
times followed by random and then self-paced.
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Chapter 1: Introduction
1.1

What is a Fundamental Movement Skill?

It has been suggested that fundamental movement skills (FMS) are precursors for an
individual’s physical, cognitive and social development and is regarded as providing the
foundation of engaging in an active lifestyle (Lubans, Morgan, Cliff, Barnett & Okely, 2010). FMS
are developed in childhood and include locomotor and object control skills. Locomotor skills
include the movement of the body through space and incorporate skills such as running, jumping,
sliding and skipping (Stodden et al., 2008). Throughout childhood, the overall goal of FMS is to
acquire the necessary proficiency needed to form the foundation for future applications to sports
and games. Jumping, for example, is an integral part in human movement requiring the coordinated
use of a set of motor skills that steer the body, once projected into the air, by synergized activation
of the upper as well as lower extremities (Ashby & Heegaard, 2002).
1.2

DEVELOPMENTAL CHANGES IN JUMPING

Development, more specifically the dynamic process of human motor development, is
highly specific, beginning at conception and continuing until the time of death (Gallahue, 1989).
With respect to the fundamental movement of jumping, attempts for executing this task are seen
in children as early as two years of age (Haywood & Getchell, 2014). Beginning jumpers usually
initiate a vertical jump and then later progress to a standing long jump. At first attempt, the
preparatory crouch is slight with legs remaining bent even at takeoff and jumpers do not use a twofooted takeoff or landing, with the legs also being asymmetrical during flight (Haywood &
Getchell, 2014). Novice jumpers tend to keep their trunk erect whereas a skilled jumper leans the
trunk forward to achieve more distance, so much, that it appears as if the skilled jumper may tip
forward. This is done so that the center of mass (COM) is shifted forward making it easier to push
1

off at take-off, making the goal of the jump to project the COM as high as possible above the
support surface (Jensen, Phillips, & Clark, 1994).
With practice, individuals will develop the characteristics of more proficient jumpers, such
as acquiring a symmetrical two-footed takeoff with the ankles, knees and hips fully extend at
takeoff following a deep preparatory crouch (Haywood & Getchell, 2014). It should be noted
however, that not all individuals master jumping. In a sample of college aged women, Zimmerman
(1956) noted that a small number of students performed with inefficient jumping characteristics,
including the inability to fully extend legs at takeoff. This suggests that jumping development is
not fully dependent on age periods, rather the acquisition of this skill is largely dependent on a
unique individual timetable of development (Gallahue, 1989). Furthermore, performance is largely
dependent on the ability of a person to tune performance based on the task presented, known as
control specifications, which may ultimately act as constraints (Jensen, Phillips, & Clark, 1994).
While task objectives, i.e. to move quickly and accurately, are considered to be external
constraints, strength, body mass and height serve as Internal constraints (Clarks, Phillips, &
Petersen, 1989). Therefore, the development and refinement of a skill, such as jumping, may be
the result of internal and external constraint relationships rather than the maturation of one’s central
nervous system (CNS) as the sole determinant. Therefore, it is not appropriate to use age periods
as markers for characterizing the development of certain behaviors because continuity, specificity,
and individuality of the developmental process would no longer be supported.
Coordination must be considered an essential component among elements of a movement
system. For example, there is a timing relationship describing that a maximal-effort jump is
achieved when maximum energy of the body is utilized at takeoff. Researchers Jensen, Phillips
and Clark (1994) examined jumping performance in relation to a novice’s control and coordination
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of a jump where they hypothesized control parameters and not coordination of motor performance
would differ. Their results suggest a mature pattern of coordination for a jump exists. Furthermore,
when performing jumping movements participants, whether novice or advanced, will self-organize
due to pattern of coordination, deomonstrated in leg action.
In regards to gender, a study by Morris, Williams, Atwater and Wilmore (1982) aimed to
examine the relationship between age and sex for motor performance in children 3-6 years of age.
Participants were put through six tests which included balance, scramble, catching, a speed run, a
standing long jump, and a tennis ball throw for distance. Researchers concluded that age plays a
more crucial role in performance when compared to sex. In another study by Nikolic, Mrakovic
and Horvat (2013) researchers aimed to determine whether age and gender presented differences
in the quality of the standing long jump alone. Seventy-two children, 5-7 years of age, performed
a standing long jump and were evaluated. Children were divided into two groups, the young group
(5-6 years of age) and an older group (6-7 years of age). Two approaches to evaluate a fundamental
movement skill (FMS) exist, which include the composite and component, where the latter
describes changes in configuration of body parts and the former describes the body as a whole.
Therefore, variables of interest included take-off leg action, take-off trunk action, take-off arm
action, flight and landing leg action, flight and landing trunk action, as well as flight and landing
arm action as they would best describe body configuration for a level of performance. Children
were videotaped in the sagittal plane performing one jump, where researchers used the recordings
to evaluate each of the children using a developmental sequence scale where each component
described a certain level differing by level of acquired movement structure. Results indicated that
the performance of the younger and older groups of children were statistical different for all
variables. However, there were no considerable differences present in the quality of the standing
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long jump between boys and girls. Gender therefore, was not considered a variable of interest for
the present study.
Evaluating a two-footed takeoff has been regarded as most appropriate when considering
the beginning of jumping development (Lubans, Morgan, Cliff, Barnett & Okely, 2010). The most
popular patterns of jumping are the vertical jump and the standing long jump. Standing long jump
requires more movement control, timing and technique, due to the takeoff angle and the way in
which the limbs are positioned, affecting the horizontal distance jumped (Moresi, Bradshaw,
Greene, & Naughton, 2011). The standing long jump pushes the body upward and outward and is
considered a closed chain multi-joint activity. Closed chain activities are characterized as
movement occurring in multiple joints and joint-axes such as the hip, knee and ankle along with
co-contraction of the muscles surrounding the joints (Ellenbecker & Davies, 2001). These closed
chain systems are commonly evaluated by measuring the displacement, and or distance, achieved
during a long jump. This method of measurement is common among coaches, conditioners and
researchers as it is inexpensive, time efficient and does not require any specialized equipment.
(Moresi, Bradshaw, Greene, & Naughton, 2011).
Standing long jump performance is broken down into three distinctive parts: (1) take-off
distance, defined as horizontal distance between take-off line and the center of mass at take-off of
the jumper, (2) flight distance: distance of the centeor of mass travelled horizontally while in air
and (3) landing distance, defined as distance between center of mass and heels of the feet at instant
of landing (Wakai & Linthorne, 2005).

4

Chapter 2: Goal Directed Movements
2.1

FITTS’ LAW

With regard to the relationship of human motor performance and factors of distance (as
well as target width), no mathematical equation has garnered more attention than that of Paul Fitts
1954 calculation of human information processing.Fitts’ aimed to describe speed-accuracy tradeoffs in regards to human performance (Zhai, Kong, & Ren, 2004). An inverse relationship between
the speed of a task and the precision in which it must be accomplished exists. The more precisely
a task must be accomplished, the more time it will take to do so. The opposite is true when the task
is completed faster; the precision with which the task is completed decreases.
Human psychomotor behavior is modeled by Fitts’ law, which originally based on
Shannon’s Theorem, explaining that speed-accuracy trade-offs describe an increased movement
time as additional bits of information processed to complete a task (MacKenzie, 1992). Fitts was
the first to suggest the relationship between movement time (MT) and inverse relationship of
relative spatial error where the logarithmic term is referred to as index of difficulty (ID) of
movement (Plamondon & Alimi, 1997).
Fitts aimed to describe human motion by using a mathematical model. He referred to this
as an index of performance (IP) where IP is calculated by dividing the motor tasks ID by MT,
(ID/MT). ID is the logarithmic function log2(2A/W). From this, MT is determined by a + b (ID)
where a and b represent regression coefficients (MacKenzie, 1992). Therefore, a subject must
account for an increase in difficulty by increasing movement time to complete the task because
information processing is constantly taking place. The index of difficulty increases by 1 bit per
task condition without altering MT-ID correlation or the slope of the regression line (MacKenzie,
1992).
5

It should be noted however, that although numerous replications and experiments have
confirmed this relationship, recent studies have reported violations of the speed-accuracy tradeoff, bringing the MT relationship to ID in to question. With respect to upper extremity control,
pointing in a virtual world does not seem to follow that MT is dependent on ID relationship as it
does when compared to physical pointing studies (Balakrishnan, 2004).
Perhaps the most successful explanation to date regarding Fitts law, is the optimized initial
impulse model which is a combination of iterative corrections and the impulse variability models
(Balakrishnan, 2004). To successfully complete a task, a movement is first made towards the
target. For the task to be considered complete, the target must be hit. If the target is missed
additional movements must be made until the target is reached. In an ideal task an individual would
reach the target as quickly as possible with a high-velocity movement towards the target. However
Meyer, Abrams, Kornblum, Wright, and Keith Smith (1988) stated that standard deviation, S1,
increases proportionally as average velocity, V1, of primary sub-movements expressed by the
equation S = K(D/T) increases. D is the mean distance covered while T is mean duration and K is
a positive constant. Therefore, movements with longer distances and shorter durations would result
in higher standard deviations leading to lower probability of hitting the target. In contrast, short
distances with longer durations would lead to hitting the target accurately, but with an longer
movement time. The solution then is to manipulate the D’s and T’s to minimize total movement
time (Meyer et al., 1988). Initial movements would be large and fast so that the movement towards
the target brings the limb as close as possible, with slower corrective movements made under
closed loop feedback control. It then becomes necessary that the values that yield T are minimal
and are dependent on the ratio between target distance and target width (Meyer et al., 1988), larger
D/W ratios therefore require longer primary and secondary sub-movements.
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Goal directed movements also operate under ID constraints. In a study Buchanan, Park
and Shea (2006) found ID to be a control parameter, that is to say, as ID increases task difficulty
also increases. Action productions are classified as either reciprocal or discrete. Discrete
movement is simply a cycle of motion that has been limited and is known to be related to higher
ID’s, requiring a higher amount of secondary adjustments due to be visually driven (Buchanan et
al., 2006). Conversely, reciprocal or cyclical movements are characterized as having low ID’s with
little to no corrective sub-movements (Meyer et al., 1988). These two variations of movements are
thought to represent independent units of actions but both these motor primitive movements can
be combined but are independent of each other (van Mourik & Beek, 2004).
Researchers Smits-Engelsman, Van Galen and Duysens (2002), compared discrete and
continuous (reciprocal) aimed movements in order to determine whether Fitts’ law can be applied
in the same manner as it its done for discrete aiming movements. For continuous movements,
participants performed back-and-forth aiming movements for 20 seconds, while the discrete
condition performed 20 single back-and-forth aiming movement beginning after a go signal and
stopping when target was reached. Researchers found that IP as well as movement velocity was
twice as large in the continuous movements when compared to discrete movements. The results
gathered by the researchers suggest that predicted constants for IP differs in terms of speedaccuracy trade-off and is not applicable to rapid continuous aiming movements.
Research involving topics such as motor planning, trajectory formation and online control
involve discrete movements while issues such as rhythm, timekeeping and spatiotemporal stability
are usually seen in continuous movements (van Mourik & Beek, 2004). Despite the many
replications of both discrete and continuous movement studies, researchers continue to argue that
Fitts law operates at a pre-programmed level regardless of ID (Latash & Gutman, 1993). However,
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other researchers Bertucco, Cesari and Latash (2013) argue pre-planned structures are what cause
subtle changes seen with movement projection rather than online movement corrections.
2.2

Fitts law in upper extremity use

Fitts’ law owes it popularity to the extensive amount of experiments that have supported
it. Various movements, muscle groups, limbs, manipulation devices, and experimental conditons
have been extensively researched and are known to be valid when testing differences in
performance indices (Plamondon & Alimi, 1997).The ability to predict user performance in
common tasks using the upper extremities such as point-select and point-drag tasks on computers
using common input devices like a mouse, trackball or stylus and have been verified in a multitude
of studies.
Card, English, and Burr (1978) examined performance on a computer mouse, a ratecontrolled isometric joystick, step keys and text keys in a text selection task. Researchers found
the mouse to be the fastest in all variables along with the lowest error rates. Differing positioning
times with both the mouse and the joystick are accounted for by Fitts Law and in the case of the
mouse the slope constant is similar other eye-hand tasks leading to the conclusion that
positioning time can be achieved with minimal time.
In another study, Kvålseth (1978) instructed subjects to perform continuous arm
movements aimed at a target under three different types of lateral movement constraints. The
first and second order models were based on Fitts law and data was collected from five subjects.
Researchers found that the three ID’s defined within the constraints for continuous arm
movements significantly affected MT and the rate of error.
Crossman and Goodeve, (1983) used a rotary handle to observe discrete movements in
regards to Fitts law. To simulate control of rotary control knobs, the rotary motion of subject’s
8

wrist was studied as it moved around the longitudinal axis of the forearm. A pointer protruded
from the apparatus, positioned so that the subject could grab it like a pencil held with a clenched
fist. The task required participants to align the pointer with selected illuminative targets,
indicated by lights on the apparatus, which were set at various 90° angles in an arc. The study
revealed that Fitts law held true for this motion.
Researchers Gillan, Holden, Adam, Rudisill, and Magee (1990) had subjects perform two
experiments that examined text selection using movement sequence of pointing and dragging.
Through Fitts’ Law it has been shown that the varying widths of text in the block has been
found to effect pointing time. However, in regards to point-drag sequence, a user must move
from a starting point to the leftmost side of the text block making the leftmost side of the block
of text the target for pointing. In experiment one, results revealed that the point-drag sequence,
pointing time correlates with pointing distance however it shows no relation to the width of the
text in regards to the point-click sequence. In a point-click sequence the block of text selected is
the target in which the user points at. In the second experiment both the pointing dragging times
were manipulated by the height of the text selected.
Most speed-accuracy trade-off experiments fall into either the spatially constrained or
temporally constrained movement categories (Plamondon & Alimi, 1997). Spatial constraints
require subjects to move to a fixed target as quickly as possible at a distance/amplitude (A) where
the target width (W) may or may not be provided. Conversely, temporal constraints ask subjects
to move to fixed targets at a specified time (MT) and the timing precision (DMT) may or may not
be provided. Fitts law operates on spatially constrained movements where both A and W are given.
Logarithmic functions better fit spatially constrained movements whereas linear trade-off
functions fit better for temporally constrained movements (Meyer et al., 1988).
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2.3

Fitts law in Lower Extremity Use

In contrast to the large number of research existing for upper limb control in regards to
Fitts law, a limited amount of research is available involving lower body movements. A study by
Drury (1975) aimed to investigate if Fitts law could predict movement time in a reciprocal foot
tapping task between pedals. Drury conducted two experiments. The first experiement tested if a
linear relationship existed between ID and MT and was treated as the preliminary test. The second
covered a greater range of movement amplitudes. Drury reported when Fitts law was modified,
MT could be predicted in a reciprocal tapping task beteen pedals.. He concluded in regards to
single movements and reciprocal tapping for foot movements Fitts law is appropriate in for foot
movements just as when used in upper limb movements .
Another study by Hoffmann (1991) compared performance during visually-controlled and
ballistic foot and arm movements. Three experiments were utilized in this study, the first
experiment had participants complete a reciprocal tapping task to determine conditions under
which movements would be made, either visually or ballistically. The second experiment
investigated visually-controlled movements under the Fitts paradigm where participants
completed discrete tapping tasks. Finally, the third experiment mimicked the second with half of
the participants performing ballistic movments followed with visually controlled movements and
the other half of the participants vice-versa. Tasks were performed so rapidly that path correction
was not an option during the course of the movement. Results revealed MTs were double for foot
movements when compared to hand times and were described well by the Welford, Norris and
Shock (1969) modified Fitts law equation.
Although the above studies involve the use of the foot in a goal directed movement, they
do not evaluate movement of the entire body when using a propulsive action of the legs as would
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be seen in a jumping movement. The foot movements in the above-mentioned studies were made
in two different planes. Where initiation of movement required that the foot first be lifted up from
the floor in the sagittal plane, followed by a second movement towards the target in the horizontal
plane. Therefore, the movement is taking place in two different planes and makes the usual
expressions for hand movements not applicable (Hoffmann, 1991).
Additionally, in a recent study by Chappell and colleagues (2016), twenty-eight subjects
were asked to kick a ball at 50% and 100% of their maximum effort at a target positioned on the
wall. Analysis of the speed variability and spatial error revealed a significant difference between
the two efforts, with 100% effort producing more stable kinematics than the 50% effort. This led
the authors to conclude that the nature of the goal directed, multi-joint skilled ballistic movements,
may not be subject to the traditional speed-accuracy trade-off.
2.4

Fitts law in Ballistic Tasks

With regard to Fitts law’s applicability to ballistic tasks, i.e. a two-footed forward jump,
two studies have recently sought to investigate whether the lawful relationship applies to this task.
Juras, Slomka and Latash (2010) investigated time length of anticipatory postural adjustments
(TAPA) in two-footed jump. Anticipatory postural adjustments (APA) take place prior to
movement and disrupt equilibrium and posture (Massion, 1992). APA regulation based on task
requirements has been shown to reflect action planning. When variations such as target width or
distance are introduced, variations in action characteristics movement time are seen. Therefore, if
changes in task performance measures are due to feedback processes after movement initiation,
changes would not be expected to correlate with APA variations such as shifting center of mass.
However, if in fact adjustments are made at the level of action planning, APAs would be expected
to scale with other performance measures.
11

Duarte and Latash (2007) investigated the importance of postural adjustments in regards
to a speed accuracy trade-off pointing task using their feet. Participants stood on a force plate and
were instructed to point with the big toe of the right foot to targets, varying 2 to 10 cm in width,
placed on the floor at a distance varying from 10 to 100 cm. A trial began with the subject in the
starting position, and a computer gave an auditory cue to start the movement. The participant was
allowed to perform the task anytime following the auditory signal in a self-paced manner within
five seconds following the beep. They were instructed: “be as fast and as accurate as possible in
your pointing movement,” following Fitts paradigm. Their results revealed that movement time
during the pointing task involving the foot could be scaled with both distance (D) and target width
(W) seperately, but could not be combined to form a single function of W/D. Also, movement time
variations were reflected by postural adjustments made in preparation for the foot motion.
Researchers reported that changes in APA duration and MT were similar when scaled with W and
D. These findings suggest that Fitts law is not the result of movement corrections during movement
execution, but instead reflects movement planning.
Additionally, Juras and colleagues (2010) evaluated TAPA when participants performed a
self-paced two-footed forward leap to targets differing in distance (D) from 20% to 40% of
previously performed maximal jumps (Dmax). Target width (W) also varied between 6, 10, 15 and
20 cm, giving a total of eight ID values. The authors found that movement time did not increase
in the trademark linear fashion with increases in ID and concluded a violation of Fitts law had
occurred. TAPA was significantly affected as distance increased and only a trend toward
significance was observed as target width decreased. Given their findings, the authors argued that
Fitts law operates at the pre-programmed level and not at the level of online visual/proprioceptive
corrective sub-movements (Meyer et. al., 1988).
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Continuing the investigation in to the kinematics described in the previous scenario, a
recent study by Boyle, Sullivant and Yang (2016) aimed to evaluate a two-footed forward jump
with regards to movement preparation as it applied to Fitts law. In the study, participants were
asked to perform a two-footed forward jump 10 times over two distances, 30% and 60% of a
previously established max horizontal jump distance (MHD), to target widths of 6 in. and 3 in
making up a total of 4 index of difficulties (ID). Participants were told that when they were ready,
they needed to jump as quickly and accurately as possible to the target. Movement initiation
(MT1), flight time (MT2), total time (TT), as well as height of the participant’s center of mass
prior to flight (Hcom) were examined. With the new addition of Hcom, authors argued, it provided
a better window in to the preparatory nature of the participants’ movement planning with respect
to the ID. In addition to the dependent variables mentioned, the author also collected ground
reaction forces.
Ground reaction forces are the forces enacted against the earth as a participants land and
propels themselves off the surface in a specific direction. It does not, however, provide information
related to the location or kinematics of the center of mass of the system (Enoka, 2015). To give a
practical example, a person is asked to jump to a target in front of them. Given the spring like
properties of the neuromuscular system, the ability to regulate velocity and acceleration as well as
the ability to determine how low the participant will lower their body before flight, GRF alone
provides only a piece of the preparatory picture.
Boyle and colleagues (2010) defined movement time 1 (MT1) as the time between
movement initiation and takeoff, whereas movement time 2 (MT2) was defined as the difference
between landing and takeoff. Total time (TT) was the sum of MT1 and MT2. Hcom was
represented as a fraction of the participant’s body height (bh). The trajectory of center of mass
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(COM) vertical velocity was calculated as the first order derivative of Hcom with respect to time.
Baseline values of the COM vertical velocity and the vertical displacements of two toe markers
and two heel markers were established as their means over 0.5 s at the beginning of each trial,
during which subjects were standing still. The standard deviation for these three parameters was
also calculated over the same 0.5-s duration.
Regression analysis revealed a weak linear relationship for MT1 and ID, a moderate linear
relationship between MT2 and ID and a moderate linear relationship between TT and ID. The
authors concluded that, while partially upholding the Fitts linear relationship, this results were
most likely due to pre-programming at the level of execution (i.e. before the jump), in effect
agreeing with the results of Juras et., al 2010. This level of pre-programming was specifically seen
at the longer distance jumps to 60% of MHD, a result which suggests the participants were taking
longer to prepare the body for a greater flight distance. Interestingly however, an even greater
amount of time was spent preparing the body to jump to 60% MHD when the target size was
decreased from 6in. to 3in, leading the authors to conclude that information processing was indeed
affecting the preparation of the movement prior to jumping. Besides taking longer to prepare for
the jump as ID increased, the results also indicated that participants significantly lowered their
body (Hcom) in preparation to jump to targets in the 60% MHD condition. Of note is the fact that
participants in the 60% MHD condition significantly lowered Hcom in the 3in target width
condition compared to 6in, leading the authors to again conclude Fitts Law operates at the level of
pre-programming. These results, contradict Juras and colleagues’ (2010) assertion that Fitts law is
violated in a ballistic task, albeit a rather small contrast given the lawful nature was weakly present
in the Boyle et al., 2016 study, still, find common footing in the conclusion that the famous
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assessment of motor behavior information processing may be out of the range of applicability in
tasks of this nature
Given the robust nature of this assessment of human performance paired with such limited
research to draw on, distinct differences between the two studies and other confounding factors
are need to be further examined. For example, Boyle and colleagues (2016) pushed the difficulty
beyond the level in Juras et al., 2010, when asking participants to jump to 60% MHD rather than
to 40%. This increase in distance may have been the key factor that elicited the linear increase in
movement time. Additionally, paired with this increase in difficulty, the self-paced nature of the
planning and jump execution could have been a constraint that altered the perception-to-action of
the task. To further elaborate, from the original design (Fitts, 1954) to current experiments (for
review see Elliot, 2010), a significant number of Fitts experiments utilized an external stimulus
such as a visual or auditory “go” signal, to indicate the start of the trial. Research in cortical
mapping has provided insight in to this scenario by highlighting the involvement of the premotor
cortex in externally cued movements. However, in self-initiated movements mapping showed
increased activity in the supplementary motor area (SMA; Cunnington, Windischberger, Deecke,
and Moser, 2002). Areas associated with movement planning have also been shown to increase in
activity when the movement was self-initiated, while little activity occurred when an external
initiation cue was presented in an unpredictable manner (Cunnington, Windischberger, Deecke,
and Moser, 2002).

2.5

Time Allowed to Plan Affects Movement Times
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Carlsen, Chua, Inglis, Sanderson, and Franks (2008) suggested preliminary corrections and
the existence of pre-programming in the management of precise rapid movements. A study by
Boyd, Vidoni, Siengsukon and Wessel (2009) investigated planning and movement in relation to
neural correlates in a goal-directed Fitts law aiming task. Subjects were instructed to respond as
fast and accurate as possible following a “go” cue. Participants were given either 1,000 ms or were
in a restricted planning group where only 100 ms was given to plan their movement. This
manipulation was referred to as planning versus restricted planning. The planning condition
resulted in more accurate targeting when compared to restricted planning, even for both difficult
and easy IDs. In regards to the planning condition, results revealed greater activation in certain
brain regions compared to the restricted planning condition. Also, the authors reported that when
time to plan was restricted, brain regions usually involved in on-line planning were activated. The
researchers concluded that when more time was given to plan movements, shorter response times
resulted along with faster initiation of movements and more accurate end-point targeting. Thus it
appears that providing more time between a “go” signal and appearance of the target improved
motor performance where participants were faster and more accurate. It is important to note here
that the study involved movements of the upper extremities.
Skurvidas, Mickevichiene, Cenayichiene, Gutnik and Nash (2012) examined the duration
of the preparatory phase and movement time of the arm in a speed-accuracy task. A period of 1500
ms was given prior to “go” signal during which reaction time as well as movement time was
recorded. Reaction time was defined as the interval between the “go” signal and start of movement,
whereas movement time was the period from the end of reaction time until the end of the trial, the
first stop in movement. Five models (Mo) of sensor-motor reactions were tested: (Mo 1) was a
short reaction time coupled with a short movement time, (Mo 2) long reaction time coupled with
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a long movement time, (Mo 3) representative reaction time and representative movement time,
(Mo 4) short reaction time coupled with long movement time and (Mo 5) long reaction time
coupled with a short movement time. Results revealed that during Mo 4 accuracy was the lowest,
compared to Mo 5 where movements were most accurate. The authors argued that this result was
due to the short reaction time that interrupted preprogramming, whereas during Mo 5 the long
reaction time resulted in better preprogramming and thus better accuracy. Researchers concluded
that in a goal-directed movement restricting reaction time can hinder the process of developing
new motor skills concerning rapid and precise movements.
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Chapter 3: How Preparation Time Affects the Loading of the Body Prior to Flight in a
Two-Footed Forward Jump
3.1

Introduction

Based on the limited investigations of Fitts law regarding ballistic tasks, as well as
conflicting results, the purpose of the current study was to not only further the understanding of
how Fitts law applies to a ballistic two-footed forward jump, and the impact of participants’ selfdirected movement initiation on preparation, movement kinematics and flight trajectory of the
jump. A variable that has yet to be critically examined the time to process information and allowing
the participants to formulate a plan or schema as to how they will execute the jump based on the
task presented to them. Boyle and colleagues (2016) argue that it is during this time frame that the
participants construct a motor program that takes in to account the target distance as well as the
challenging target width, specifically when jumping 60% of a max jump to a 3 inch target
condition. They argue that an increase in information processin is seen in the movement time
initiation differences based on target distance as well as target width, and the lower center of mass
height, indicating a difference in movement preparations, such as taking a lower prepatory crouch,
prior to flight.
This brings up the question as to whether this finding in the abovementioned studies is
valid regarding everyday activity, for example sports that require an athlete to make a two footed
forward jump under constraints of distance and landing area. In sports such as volleyball,
defensive players blocking are faced with a scenario where their jumping motion is not only
executed rapidly, but also within the constraints of their distance from the net/others and landing
space. This is not however, always executed in a predictable way, in other words, jumping may be
a necessity to clear an unexpected obstacle or a quick movement to stay in the court of play.
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The current study included three conditions that involved participants performing twofooted forward jumps to targets of 6 in. and 3in. in width, at 30% and 60% MHD. The “go” signal
condition consisted of three levels: Self-paced, Timed and Random. Three kinematic measures,
movement initiation, flight duration, and total time were of interest, as well as participant center
of mass height (Hcom) and maximum flight trajectory height of Hcom. The purpose of this study
was twofold. First, to further investigate the applicability of Fitts law in full body ballistic
movements and second, to investigate how external and internal temporal constraints of movement
initiation affected motor performance. We hypothesized that participants under the self-paced
constraint would exhibit faster overall movement times due in part to the time they were allowed
to plan their movement.
3.2
3.2.1

Methods
Participants

The study was reviewed and approved by the University’s Institutional Review Board for
research involving human participants (UTEP IRB: 563855-1). Participants (17 Male, 28 Female,
N =45), with a mean age of (M=24.7) were College of Health Sciences students at the graduate
and undergraduate level. At the start of the experiment each individual read and signed a consent
form document approved by the University’s IRB program for human subject’s protection.
For this study, two distances (D) representing 30% and 60% of MHD and two different
target widths (W) were used: 7.62 cm (3in) and 15.24 cm (6in), resulting in a total of four ID
values. Note that the ID values were slightly different for each participant due to individual MHD
variability. Participants were unaware of the specific goals of the experiment.
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3.2.2

Equipment

An 8-camera Optitrack Prime 13 motion capture system was used to record movement
kinematics (Motive software, Natural point). Cameras were mounted on two 16 ft. speed rails at a
height of 12 ft. positioned parallel to one another on opposing walls. A space measuring 16 ft. ×
14 ft. was the total capture volume recorded. Each participant was fitted with a full body mocap
suit along with a 37 Motive software baseline reflective marker set. Starting line and the two targets
were marked by reflective tape visible by cameras (Figure 1).

Figure 1: Depiction of the task. 2 target distances (30%, 60%) max horizontal distance (MHD)
jump were combined with 2 target widths (6in., 3in.). Movement data was tracked by 8 optitrack
prime 13 cameras.
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3.2.3

Procedure

Participants were randomized into one of three jumping groups: self-paced (SP), timed
(TM) and random (RD). Participants were instructed to perform a 5-minute warm-up. Warm-up
included dynamic stretches including but not limited to leg swing, lateral leg swings and squats.
Following the warm-up, participants performed two maximal jumps to establish their maximum
horizontal distance (MHD). To ensure accuracy participants were instructed to stick the landing.
The average distance of the two jumps were used as the baseline to set target distances for each
participant. Participants positioned themselves in a motionless stance for 2 seconds prior to
jumping. Following the 2-second pause, participants in the self-paced group jumped when ready.
Participants in the timed group were instructed to jump following a count-down from 3, while
those in the random group jumped following a random auditory cue within a 3 second presentation
window. Participants were instructed to jump as quickly and accurately as possible in all
conditions. All conditions were held to a 90% success rate for data analysis, where nine out of the
ten jumps per condition performed had to be considered successful. A successful trial was defined
by the big toe markers on both feet breaking the plane of the 3 in and 6in targets. Participants fall
ing below the 90% success rate were eliminated from the study.
3.2.4

Measures & Data Analysis

On average, the 4 conditions of D x W calculated ID were: 2.7, 3.65, 3.7 & 4.75.
Participants completed 10 jumps per condition in a randomized order, 40 jumps total. Participants
were allowed to break when needed.
Based on the participant’s data, the average MHD and its standard deviation were 2.11m
(6.92ft) and 0.18m (7.08in.), respectively.
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Fourth-order zero-lag Butterworth filters were used for marker paths, which were low-pass
filtered at marker specific cut-off frequencies spanning a range from 4.5 to 9 Hz (Winter, 2009).
The body center of mass (COM) displacement was computed using the filtered marker positions
based on 13 gender-dependent segmental inertial parameters (De Leva, 1996). The trajectory of
the COM height (Hcom) was determined as the time history of the vertical distance between the
COM and the floor during the entire movement. The Hcom was represented as a fraction of the
participant’s body height (bh). The trajectory of COMl velocity in the vertical direction was
calculated as the first order derivative of Hcom with respect to time. Baseline values for COM
vertical velocity and the vertical displacements of two toe markers and two heel markers were the
mean values computed during 0.5 s at the start of each trial while subjects were standing still.
Standard deviations for the above-mentioned parameters were calculated over the same 0.5-s
duration.
Instants of movement initiation, takeoff and landing were events of interest. Movement
initiation was defined as the instant when COM vertical velocity fell below three standard
deviations from starting baseline. The takeoff was determined as the moment when the vertical
displacement of the four foot markers (two toe markers and two heel markers) surpassed three
standard deviations from starting baseline. Landing was defined as the four foot markers falling
three standard deviations below the baseline value. Movement time 1 (MT1) was the time between
movement initiation and takeoff whereas movement time 2 (MT2) was defined as the duration
elapsed from takeoff to the landing. The total movement time (TT) was the sum of MT1 and MT2.
The average of the last five trials of each experimental condition was selected for final analysis.
A pearson correlation analysis was conducted on MT1, MT2 and TT to determine the
slopes as well as degree of linearity. This analysis allowed us to investigate the relationship
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between movement time measures against the increasing ID where movement times are the
dependent variables and ID is the independent variable. Furthermore, analyses of variance
(ANOVAs) with repeated measures were used to analyze the means of MT1, MT2, TT, and Hcom.
The within-subject factors Factors included distance (2 levels: 30% vs. 60%) and width (2 levels:
3in vs. 6 in.) and the between-subject factor was the group (SP vs. TM vs. RD). Duncan’s new
multiple range test was utilized as a follow-up test of statistical significance under appropriate
conditions. Finally, a Univariate Analysis of variance (ANOVA) was used to examine the
differences in maximum height of flight trajectory between groups. SPSS softwear was used for
data analyses with a significance level of p<.05 used for all tests.
3.3

Results

Pearson Correlation: Self-Paced
The pearson correlation analysis for the SP condition revealed a significant difference
between ID and MT1, p<.001 with a moderate positive correlation r(60) = .467 (Figure 2). The
pearson correlation analysis between ID and MT2, p< .001, with a strong positive correlation, r(60)
= .522. The pearson correlation analysis revealed a significant difference between ID and TT,
p<.001, with a strong positive correlation r(60) = .536.

Figure 2: pearson correlation analysis for SP participants
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Pearson Correlation: Timed
The pearson correlation analysis for the TM condition failed to reveal neither a significant
difference nor a correlation between ID and Movement initiation (MT1) , r(60) = .029, p = .823
(Figure 3). The pearson correlation analysis revealed a significant difference between ID and MT2,
p <.001, with a strong positive correlation, r(60) = .600. The pearson correlation analysis failed to
reveal neither a significant difference nor a correlation between ID and TT, r(60) = .196, p = .133.

Figure 3: pearson correlation analysis for TM participants

Pearson Correlation: Random
The pearson correlation analysis for the RD condition revealed a significant difference
between ID and MT1, p<.027, with a weak positive correlation, r(60) = .286 (Figure 4). The
pearson correlation analysis revealed a significant difference between ID and MT2, p<.001, with
a strong positive correlation r(60) = .538. The pearson correlation analysis revealed a significant
difference between ID and TT, p<.004, with a moderate positive correlation, r(60)=.368.

Figure 4: pearson correlation analysis for RD participants
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Within Subjects Analysis: Self-Paced
The repeated measures analysis of MT1 means revealed a significant effect for target
Distance F(1,14)=33.93, p< .001, h p2 = .708, target Width F(1,14)=12.256, p< .01, h p2 = .467 as
well as a significant Distance by Width interaction F(1,14)=15.017, p< .01, h p2 = .518, with jumps
made to 60% MHD and targets of 3in resulting in longer movement times (Figure 5A). Pairwise
comparison of the combined condition means, F(3,42)=20.082, p< .001, h p2 = .589, revealed the
longest movement time present in the specific D60 x W3 (m=0.824 sec.) condition compared to
D60 x W6 (m=.556 sec.), p=.001. Analysis of MT2 means revealed only a significant effect for
target Distance F(1,14)=48.49, p< .001, h p2 = .776, with targets at 60% MHD resulting in longer
flight time (Figure 5B).
The repeated measures analysis of TT means revealed a significant effect for target
Distance F(1,14)=52.99, p< .001, h p2 = .791, target Width F(1,14)=14.10, p< .01, h p2 = .502 as well
as a significant Distance by Width interaction F(1,14)=11.81, p< .01, h p2 = .458, with jumps made
to 60% MHD and targets of 3in resulting in longer total time (Figure 5C). Pairwise comparison
of the combined condition means, F(3,42)=27.61, p< .001, h p2 = .664, revealed the longest total
time present in the specific D60 x W3 (m=1.181 sec.) condition compared to D60 x W6 (m=.913
sec.), p=.001.
Analysis of Hcom means revealed only a significant effect for target Distance
F(1,14)=16.06, p< .001, =.543, with targets at 60% MHD resulting in lower Hcom values (Figure
5D). Pairwise comparison of the combined condition means did however, result in a significant
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effect for Hcom values, F(3,42)=6.29, p<.001, h p2 = .310, with D60 x W3 (m=.490) having
significantly lower Hcom values compared to D60 x W6 (m=.517), p=.05.

Figure 5: Mean within subject effects for participants in the SP group

Within Subjects Analysis: Timed
The repeated measures analysis of MT1 revealed no significant effects for target Distance
or Width (Figure 6A). The repeated measures analysis of MT2 means revealed a significant effect
for target Distance F(1,15)=55.76, p< .001, h p2 = .788, as well as target Width F(1,15)=4.66, p<
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.05, h p2 = .237. (Figure 6B). Pairwise comparison of the combined condition means, F(3,45)=38.57,
p< .001, h p2 = .720, revealed less flight time in the specific D60 x W3 condition (m= .365 sec.)
compared to D60 x W6 (m=.381 sec.), p=.045.
The repeated measures analysis of TT means revealed only a significant effect for Distance
F(1,15)=5.009, p< .05, h p2 = .250, with jumps made to 60% MHD resulting in longer total time
(Figure 6C). Pairwise comparison of the combined condition means, F(3,45)=3.745, p< .05, h p2 =
.200, revealed the longest total time present in the specific D60 x W6 (m= 1.046 sec.) condition
compared to D60 x W3 (m= .916 sec.), p=.018.
Analysis of Hcom means revealed only a significant effect for target Distance
F(1,15)=77.78, p< .001, =.838, with targets at 60% MHD resulting in lower Hcom values (Figure
6D). Pairwise comparison of the combined condition means, F(3,45)=29.29, p< .001, h p2 = .661,
reveals a significance based only on target Distance as well.
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Figure 6: displays the within subject effects for participants in the TM group

Within Subjects Analysis: Random
The repeated measures analysis of MT1 revealed no significant effects for target Distance
or Width (Figure 7A). The repeated measures analysis of MT2 means revealed only a significant
effect for target Distance F(1,13)=23.34, p< .001, h p2 = .642, with targets at 60% MHD resulting
in longer flight time (Figure 7B). Pairwise comparison of the combined condition means,
F(3,39)=16.69, p< .001, h p2 = .562, reveals a significance based only on target Distance as well.
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The repeated measures analysis of TT means revealed only a significant effect for Distance
F(1,13)=7.484, p< .05, h p2 = .365, with jumps made to 60% MHD resulting in longer total time
(Figure 7C). Pairwise comparison of the combined condition means, F(3,39)=4.23, p< .05, h p2 =
.245, reveals a significance based only on target Distance as well. The repeated measures analysis
of Hcom revealed no significant effects for target Distance or Width (Figure 7D).

Figure 7: displays the within subject effects for participants in the RD group
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Initiation: Movement Time 1 (MT1) Between Subjects
The analysis indicated a significant between subjects effect for condition F(11,179)=2.530
, p < .01, h p2 = .142, where overall movement initiation times in the TM group were faster than
those in the SP and RD groups (Figure 8). Duncan’s post hoc test revealed significant differences
within combination D60 x W3, with TM producing faster movement initiation times compared to
SP and RD.

Figure 8: displays results for between subject effects for movement initiation (MT1)
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Flight: Movement Time 2 (MT2) Between Subjects
The analysis indicated a between subjects significant effect for condition F(11, 179)=9.334,
p < .001, h p2 =.379, (Figure 9). Duncan’s post hoc test revealed this effect to be strictly seen in the
target distance, where 60% MHD presented longer flight times compared to jumping to 30%
MHD.

Figure 9: displays results for between subject effects for flight time (MT2)
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Total Time (TT) Between Subjects
The analysis indicated a significant between subjects effect for condition F(11,179)=3.737,
p<.001, h p2 =.197, where the TM group had overall significantly faster overall movement times
than those made in the SP and RD groups (Figure 10).

Figure 10: displays results for between subject effect for overall movement (TT)
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Center of Mass Height (Hcom) Between Subjects
The analysis indicated a between subjects significant effect for condition F(11,179),
p<.001, h p2 =.271 (Figure 11). Duncan’s post hoc test revealed significant differences for
combination D60 x W3, with SP producing the lowest values of Hcom followed by TM and then
RD.

Figure 11: displays results for between subject effects for center of mass height prior to
movement (Hcom)
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Flight trajectory height
The analysis of combined D60 x W3 condition indicated significant effect for condition
F(2,44), p<.001, h p2 =.402. Pairwise comparison revealed significantly higher flight paths in the
Timed condition compared to both Self-paced as well as Random. No differences were seen in the
height of the flight path between Self-paced and Random.
3.4 Discussion
The results of the data analysis indicated that the TM participants had the shortest
preparation time (MT1) and total time (TT) followed by the RD and SP groups. Although
instructions to all participants were to “move as fast and accurately as possible,” the TM group
performed significantly faster compared to RD and SP. This is interesting because it is understood
that the time allowed to plan, affects movement times. As Boyd, Vidoni, Siengsukon and Wessel
(2009) showed, when participants were given more time to plan movements, shorter response time
(RT) resulted in faster movement initiation. However, in the present study SP participants, who
were allotted the most time to plan their movements, had the slowest movement initiations. The
faster MT1 may be caused by the timing cue that the TM group experienced. The other two groups
did not experience such cueing. A study by Cunnington, Windischberger, Deecke, and Moser
(2002) indicated that when rapid movements are made immediately in response to a random
external cue, the task at hand involves less early-stage movement preparation and activation of
motor areas prior to movement execution. Furthermore, temporal preparation has been researched
extensively where researchers aimed to manipulate foreperiod duration, the time-period between
a warning signal and a response signal (Mueller-Gethmann, Ulrich, & Rinkenauer, 2003). It has
been shown that RT is usually longer when foreperiod is randomized as opposed to being kept
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constant within blocked trials. Therefore, the results of studies that manipulated foreperiod
duration supports the theory of temporal preparation, where more varied foreperiod durations
results in temporal uncertainties (Niemi & Naatenan, 1981). It was thought that the participants in
SP would produce the faster MT1 of all groups, because they were allowed more time to plan their
movements, yet the timed condition produced the fastest movement initiation times. Self-paced
planned their movements based on an internal timing mechanism. Random participants knew what
the cue was and how to respond to it, but the randomization of the auditory cue slowed their
response times. A study by Klemmer (1956) supports that RT increases with foreperiod variability,
as is the case in the random group, and therefore increases movement initiation time. This supports
results for movement initiation time in the present study where the timed group had what would
be considered a continuous blocked temporal foreperiod that is, particiapnts in the timed group
were presented with the same external timing cue repeatedly across trials, as opposed to the random
and self-paced groups. In regards to overall movement time , timed participants once again
displayed significantly faster times when compared to the self-paced group. This may be attributed
to the faster movement initiation times produced by timed participants, resulting in faster overall
movement time.
In terms of participants’ preparation prior to jumping, our analysis revealed that SP
participants lowered their center of mass inversely with index of difficulty (ID). In other words,
Hcom lowered as target distance increased, from 30% MHD to 60% MHD, with the lowest Hcom
seen in the 60% MHD condition when participants jumped to the 3in target (D60-W3). As pointed
out by Boyle, Sullivant and Yang (2016) participants in the SP group were afforded more time to
prepare the body in preparatoion of the jump. Furthermore, the readiness potential, activity in the
brain leading up to voluntary muscle movement, is usually significantly greater preceding a self-
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paced movement when compared to an externally triggered movement particularly when cued at
random (Cunnington, Windischberger, Deecke & Moser, 2002). This in turn allowed participants
more time to program the movement. However, although participants prolonged their preparation
phase and lowered their center of mass height more, ultimately they still showed significantly
slower overall movement tims when compared to participants in the timed group. Random
participants were also faster in overall movement times, although not significantly so when
compared to self-paced. This is of interest because there was a significant difference in center of
mass height between self-paced and random groups, but the longer loading phase did not aid in
faster movement initiation times. In fact, random participants trended toward having significantly
faster movement initiation and overall movement times when compared to those in self-paced.
Furthermore, the preparatory phase may affect the takeoff angle and because self-paced took a
lower crouch this resulted in a flatter jump trajectory as seen in the low trajectory height.
Participants in the self-paced group are perhaps remaining in a slight crouch position at take off
and may not be fully extending their knees and hips through body during flight accounting for the
flatter trajectory.
Skurvidas et al, (2012) stressed the importance that RT has on preparation as well as
initiation of movements. Our results suggest that participant’s ability to control the start of
movement execution as a key factor in movement preparation agree with results by Skurvidas et
al, (2012) where participants in a short RT/long movement pairing displayed more errors compared
to those in conditions of longer RT. This could explain why participants in the self-paced group
who used more time to pre-program their movements than those in the other conditions, had longer
initiation times prior to flight. Our results suggest that the allocation of more time to pre-program
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was detrimental to the performance because self-paced participants were slower to initiate and
perform their overall movements.
Fitts law is referred to as the speed-accuracy trade-off law and suggest that humans slow
their movement to remain accurate. However, in this study all conditions were held to a 90%
success rate for data analysis and the timed participants displayed the shortest movement initiation
as well as overall movement time independent of how they lowered their center of mass (Hcom)
prior to loading. Our results agree with previous studies (Juras et al., 2012; Boyle, Sullivant &
Yang, 2016; Stewart et al., in review) that suggest that given the nature of ballistic goal directed
movements, speed accuracy trade-offs are seen in the programming phase rather than in the
movement execution phase (Meyer et al., 1988). This is not however, is not a broad generalization
as it is clear from countless investigations of upper extremity work that online corrective submovements are an integral part of limb coordination. Given the unique nature of the task, e.g.
having to completely prepare the exact neuromuscular forces needed hit a target prior to flight,
one can imagine that the body would self-organize the appropriate mechanics of action given the
internal and external constraints of the task (Kelso, 1994).
The limitation of the present study includes complications with the software where some
participant data was lost resulting in smaller sample sizes per group which may have affected the
statistical power of the present study. It would hav been more appropriate to provide all subjects
with a break to avoid any fatigue effects and eliminate biased based on whether some participants
opted fore a break whereas others may have not. Also, taking the average of the last five jumps
may have induced a learning effect therefore, we propose the use of either the first five jumps
being subject ot analysis or the use of the first jump as it is the most novel trial of the movement
of the ten jumps performed. Just as well due to limited equipment, the use of
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Electroencephalography (EEG) as well as force plates to capture ground reaction force (GRF) was
not utilized which would have aided in the analysis of movement planning.
Future studies are needed to investigate preparatory phases utilizing EEG analyses in
ballistic tasks using whole-body skills, and force plates to record GRF. Blakemore and Sirigu
(2003) stated that human subjects can improve a motor skill or generate plasticity of the brain by
movement execution or mental rehearsal. Furthermore, Blakemore and Sirigu (2003) stated that
the parietal lobe as well as the cerebellum attribute to sensorimotor prediction.
Electrophysiological studies have shown that the parietal cortex plays an integral part in motor
planning (Blakemore & Sirigu, 2003) and may be the region responsible in the creation of high
level cognitive plans for movement due to its central role in combing sensory and motor
information (Anderson & Buneo, 2002).
Kourtis, Sebanz and Knolblich (2012) investigated electrophysiological correlates with
regards to Fitts law during action planning using electroencephalography (EEG). Specifically, they
investigated if people simulate a task at hand, using their motor system during the preparatory
phase before the commencement of movement. The parietal component (P3b) was of interest,
because it was thought to be a bridge linking perception and action during the decision-making
process. Participants performed a pre-cueing uni-manual tapping task involving the upper
extremities. Upon a visual cue, a period of 1-s was given followed by a “go” signal prompting
movement initiation. Using a stylus, participants aimed to hit a designated target and return to the
starting position. MTs were consistent with Fitts law showing a linear increase with movement ID.
EEG analysis revealed that P3b and mid-parietal-occipital components for negative polarity (N2)
amplitudes developed during the preparatory phase and correlated with ID. The finding suggests
participants could visualize the movement ID before movement onset. These results suggest that
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the formation of a motor plan takes place before movement initiation and is continuously updated
by feedback loops throughout movement execution (Desmurget & Grafton, 2000). However, in
the lower extremities, once movement has been initiated, online corrections are limited (Boyle,
Sullivant & Yang, 2016). Once in flight, adjustments can no longer be made contrary to upper
limb movements, where corrective movements can still be implemented during flight to
successfully complete a task. This suggests that a pre-planned structure drives a jumping
movement to a target and the absence of online movement corrections while in flight.
3.5 Conclusion
It is well known that the inability to move fast and accurately in humans is expressed by
Fitts law and has been extensively researched with regard to upper extremity use. However, it has
not been well established whether Fitts law applies to a whole-body ballistic such as jumping to a
target. When comparing the three conditions in the current experiement, participants in the timed
group performed the fastest movement initiation and overall movement time, followed by random
and self-paced group. However, self-paced took the lowest preparatory stance prior to take-off
compared to both timed and random groups. Although the self-paced group used more time in
preparation, they performed the jump the slowest. Timed participants performed movements the
fastest which may be due to this group having a structured auditory cue and therefore were required
to plan their movement accordingly to make the most accurate move as fast as possible . Having
an auditory cue the timed participants seemed to sync their movement preparations, which allowed
them to execute the movement more proficiently because they were given that exteranal cue.
We conclude that for a whole-body ballistic task, Fitts law may not be appropiate because,
once the movement has been initiated the participant can no longer adjust their movements while
in flight because they are no longer connected to the earth and are unable to perform any corrective
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movements. If movement corrections are made, while in flight, their center of mass would be
shifted, either posteriorly or anteriorly, causing them to over jump, or not reach the target. This
suggests then that the preparation phase, in regards to jumping, is key where planning must occcur
to propel the whole body accurately before movement initiation. Furthermore, the role of vision is
compromised, meaning participants do not have full view of their feet when performing this their
movement, as opposed to movements made using upper extremities where there is constant visual
feedback of the entire upper limb throughout movemnt Movement times did increase with an
increase in ID, but that is related to simple physics aspect where an increase in distance will cause
an increase in time to cover said distance. Furthermore, the nature of the task requires complex
whole-body coordination pattern to project the body upward and forward through the air, which is
a significant departure from the relatively simple tasks used in the majority of Fitts Law related
studies.
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